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Initiation of meiotic recombination by DNA double-strand break formation is temporally coordi-
nated with replication. Murakami and Keeney show that this coordination requires recruitment of
the Dbf4-dependent kinase to the replication fork by the conserved TIM-TIPIN complex. The
same mechanism may regulate other important replication-associated processes.During meiosis, accurate partition of
the genome to haploid gametes re-
quires recombination between homologs
(homologous chromosomes of different
parental origin). Meiotic recombination
initiates when the Spo11 protein forms
DNA double-strand breaks (DSBs), which
in many organisms number in the hun-
dreds per nucleus. Because DSBs are a
threat to genome integrity, it is important
that they not occur until a sister chromatid
is present to act with cohesin as a splint
to maintain integrity of the broken chro-
mosome. However, for meiotic recombi-
nation to be effective, it must be directed
away from the sister chromatid and to-
ward the homolog. This is accomplished
by coordination of sister chromatids in
a tethered loop structure containing a
meiosis-specific chromosome axis that
inhibits intersister recombination (Borde
and de Massy, 2013). Therefore, meiotic
DSB formation must be temporally regu-
lated so that it occurs after both chromo-
some replication and chromosome axis
establishment. Initial evidence for this co-
ordination came from a study that delayed
replication on a single budding yeast
chromosome arm by deleting all active
replication origins (Borde et al., 2000).
This study showed that, regardless of
the time that a region is replicated, DSBs
form in it about 90 min later. In this issue
of Cell, a series of elegant experiments
by Murakami and Keeney (Murakami and
Keeney, 2014) has revealed the mecha-
nistic basis of this coordination.
Chromosome replication initiates when
two S phase kinases, cyclin-dependent
kinase and Dbf4-dependent kinase(DDK) sequentially phosphorylate compo-
nents of the replicative helicase (Tanaka
and Araki, 2013). During meiosis, the
same two kinases also activate DSB
formation by phosphorylating Mer2, a
meiosis-specific protein that binds to
chromosomes regardless of their repli-
cation state (Murakami and Keeney,
2008). Phosphorylated Mer2 recruits
another meiotic protein, Rec114, which
in turn facilitates binding of Spo11 and
other accessory proteins that are neces-
sary for DSB formation (Borde and de
Massy, 2013). In asking how these events
might be coordinated with replication,
Murakami and Keeney noted that the
S. pombe DDK homolog had been shown
to interact with the conserved replication
fork protection complex (FPC). The FPC,
which contains the conserved TIM
(homolog ofDrosophila TIMELESS), TIPIN
(TIMELESS-interacting protein), and
Claspin proteins, is part of the replication
fork machinery and has multiple replica-
tion-associated functions that maintain
genome integrity (McFarlane et al.,
2010). Murakami and Keeney hypothesize
that Mer2 phosphorylation by FPC-asso-
ciated DDK might provide the local link
between replication and DSB formation.
To test this, Murakami and Keeney
develop strategies to either disrupt or
bypass the FPC-DDK interaction and
examine the effect on the temporal link
between meiotic replication and DSB for-
mation, using the late-replicating chromo-
some arm system developed by Borde
et al. Overexpressing both DDK subunits
causes a loss of this linkage, with breaks
forming at the same time in both late-Cell 15and early-replicating regions. After con-
firming that DDK associates with the
FPC in meiotic cells, they show that
deletion of TOF1 or CSM3, the yeast TIM
and TIPIN homologs, but not the Clas-
pin homolog MRC1, delays DSB forma-
tion and uncouples it from replication.
This suggests that TIM-TIPIN-mediated
recruitment of DDK to the replication
fork is necessary for the coordination of
DSB formation with replication. To prove
this hypothesis, Murakami and Keeney
fuse Dbf4 to Cdc45, a protein associated
with the replicative helicase. This protein
fusion restores temporal coordination be-
tween replication and DSB formation in
tof1D mutants, thus bypassing the need
for DDK-FPC interaction. Finally, using
both the origin-deletion system and a so-
phisticated genome-wide analysis, Mura-
kami and Keeney show that Rec114
recruitment to chromatin, which requires
Mer2 phosphorylation by DDK, has the
same temporal coordination with repli-
cation fork passage and dependence
on DDK-FPC interaction as does DSB
formation.
Based on these findings, Murakami
and Keeney propose a model (Figure 1)
for replication-dependent activation of
DSB formation in which Mer2 is already
bound to chromatin during early S phase,
but overall DDK concentrations are too
low to efficiently phosphorylate it. DDK
interaction with the FPC increases its
effective local concentration at the repli-
cation fork, resulting in Mer2 phosphor-
ylation as the replication fork passes
through, in turn starting a chain of events,
including recruitment of Rec114 and other8, August 14, 2014 ª2014 Elsevier Inc. 697
Figure 1. Replication Fork-Associated DDK Function
Dbf4-dependent kinase (DDK) is recruited to the replication fork by the fork protection complex (FPC),
containing the proteins TIM and TIPIN, which interacts with the Cdc45 component of the replicative
helicase. The fork-associated DDK promotes double-strand break (DSB) formation by phosphorylation (P)
ofMer2, which in turn recruits Rec114 and other DSB proteins. Loading of othermeiotic axis proteins leads
to formation of a tethered-loop structure that forms the context for DSB formation, which occurs when
loop sequences (pink star) are recruited to the axis. Gray arrows denote other possible fork-associated
DDK functions and targets: promoting the replication checkpoint response via Claspin; deposition of
histones through CAF-1 regulation; and maintaining replication fork machinery integrity by targeting
replicative helicase.members of the DSB formation complex,
that ultimately results in DSB formation.
Although some of the events that occur
between replication fork passage and
DSB formation have been characterized,
others remain enigmatic. As the authors
suggest, these processes may include,
in addition to recruitment of DSB-forming
proteins, the folding of chromosomes into
the loop-axis structure that provides the
structural context for DSB formation
(Figure 1). However, the remarkable
length of time between replication and
DSB formation (90 min, the length of
an entire yeast mitotic cell cycle) suggests
the existence of other regulatory events
operating at the local level, whose eluci-
dation will be the grounds for future
research. Studies in fission yeast (Wu
and Nurse, 2014) and in barley (Higgins
et al., 2012) also suggest a coordination
between meiotic replication and DSB for-698 Cell 158, August 14, 2014 ª2014 Elseviemation in these species, raising the
intriguing possibility that FPC-mediated
recruitment of DDK to the replication
fork may be an important mechanism
for regulating DSB formation in many
species.
In addition to being the first report
of a defined function caused by recruit-
ment of DDK to the replication fork, this
paper also has potential implications
for other FPC-associated, replication-
coupled processes. The conserved TIM-
TIPIN complex has been shown to be
important for maintaining chromosome
integrity during and after replication, with
roles in the coordination of leading- and
lagging-strand polymerases, the estab-
lishment of sister chromatid cohesion,
the preservation of fork integrity at
replication barriers, and the prevention
of genome rearrangement (McFarlane
et al., 2010). Because some of theser Inc.are independent of Claspin-dependent
checkpoint signaling, it is tempting to
speculate that DDK recruitment by TIM-
TIPIN is involved. Similarly, TIM-TIPIN-
dependent recruitment of DDK to the
replication fork is an attractive mecha-
nism to account for identified roles of
DDK in processes that occur after origin
firing, including DNAdamage repair, regu-
lation of the replication checkpoint, and
coordinating the CAF-1 histone deposi-
tion complex with chromosome replica-
tion (Figure 1; Ge´rard et al., 2006; Matsu-
moto and Masai, 2013). The methods
used in this groundbreaking study of
meiotic replication and DSB formation
point the way to a general approach that
has the potential to illuminate these and
other replication-associated functions
that are important to the preservation of
genome integrity.
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